Background: WRKY III genes have significant functions in regulating plant development and resistance. In plant, WRKY gene family has been studied in many species, however, there still lack a comprehensive analysis of WRKY III genes in the woody plant species poplar, three representative lineages of flowering plant species are incorporated in most analyses: Arabidopsis (a model plant for annual herbaceous dicots), grape (one model plant for perennial dicots) and Oryza sativa (a model plant for monocots). Results: In this study, we identified 10, 6, 13 and 28 WRKY III genes in the genomes of Populus trichocarpa, grape (Vitis vinifera), Arabidopsis thaliana and rice (Oryza sativa), respectively. Phylogenetic analysis revealed that the WRKY III proteins could be divided into four clades. By microsynteny analysis, we found that the duplicated regions were more conserved between poplar and grape than Arabidopsis or rice. We dated their duplications by Ks analysis of Populus WRKY III genes and demonstrated that all the blocks were formed after the divergence of monocots and dicots. Strong purifying selection has played a key role in the maintenance of WRKY III genes in Populus. Tissue expression analysis of the WRKY III genes in Populus revealed that five were most highly expressed in the xylem. We also performed quantitative real-time reverse transcription PCR analysis of WRKY III genes in Populus treated with salicylic acid, abscisic acid and polyethylene glycol to explore their stress-related expression patterns. Conclusions: This study highlighted the duplication and diversification of the WRKY III gene family in Populus and provided a comprehensive analysis of this gene family in the Populus genome. Our results indicated that the majority of WRKY III genes of Populus was expanded by large-scale gene duplication. The expression pattern of PtrWRKYIII gene identified that these genes play important roles in the xylem during poplar growth and development, and may play crucial role in defense to drought stress. Our results presented here may aid in the selection of appropriate candidate genes for further characterization of their biological functions in poplar.
Background
Transcription factors (TFs) are a class of proteins that regulate gene expression in all living organisms. They bind to specific DNA sequences in the promoter regions of genes to activate or repress transcription of multiple target genes. WRKY TFs, are a family of regulatory genes that were first identified in plants [1] . The WRKY TFs, which are important members of the stress-related TF family, are involved in the regulation of plant developmental processes, and in the biotic and abiotic stress response [2] . A common feature of all WRKY TF is the WRKY domain, a highly conserved stretch of about 60 amino acids [3] . Each WRKY domain contains a zinc finger motif at the Cterminus and the strictly conserved amino acid sequence WRKYGQK at its N-terminus [3] . Based on the number of WRKY domains and the pattern of the zinc-finger motif, the WRKY superfamily of plant TFs were classified into three groups (I-III) in Arabidopsis thaliana [3] , rice (Oryza sativa) [4] , grape (Vitis vinifera [5] and poplar (Populus trichocarpa) [6, 7] , respectively. WRKY proteins containing a single WRKY domain with C2-H2 pattern belong to group II. Those containing two WRKY domains with C2-H2 pattern are group I. The others, containing a WRKY domain with C2-HC pattern, belong to group III. Group III differs from groups I and II in its altered C2-HC zinc finger motif C-X7-C-X23-HX [3, 8] .
Certain WRKY TFs participate in biotic stress responses mediated by hormones, such as jasmonic acid (JA) and salicylic acid (SA) [9, 10] , both of which are important defense signals in response to diseases, insects and fungal pathogens [11] . Other WRKY TFs are involved in regulating gene expression in plants during abiotic stresses, such as cold [12, 13] , salt [14, 15] and drought [16] [17] [18] . Many studies have suggested that WRKY genes participate in the phytohormone abscisic acid (ABA)-mediated drought responses [17] .
Although the WRKY gene family has been studied for many years in many species, we know little about the mechanism WRKY gene expansion and the evolutionary forces driving the diversification of this gene family in flowering plants. Poplar WRKY genes were published in 2012 [6] and 2014 [7] , making this species a model plant for perennial dicots. And the poplar shows fast growth and can endure adverse environments (abiotic and biotic stresses), including drought. Furthermore, as an ecologically and economically important species, Populus is being intensively studied in the light of increasing needs for biofuel production worldwide. In addition, we still lack a comprehensive analysis of group III genes in the woody plant species poplar. Therefore, a study of poplar WRKY III genes would be useful to understand the important biological functions of these genes. The WRKY III genes in flowering plants are thought to have originated after the divergence of the monocots and eudicots [19] . Temporal expression analysis of group III members in A. thaliana supported the view that these members are part of different plant defense signaling pathway, including compatible, incompatible, and non-host interactions, indicating their functional differentiation [20] . Thus, the WRKY III genes seem to have played a key role in plant adaption and evolution. The WRKY III genes are considered as the most advanced in terms of evolution, and the most successful in terms of adaptability [19] . Certain WRKY III genes have a significant impact on disease and drought resistance.
In most comparative genomic analysis, three representative lineages of flowering plant species are incorporated in most analysis: Arabidopsis (a model plant for annual herbaceous dicots), grape (one model plant for perennial dicots) and Oryza sativa (a model plant for monocots). The genomes of Arabidopsis, grape and Oryza sativa were published in 2003 [20] , 2014 [5] , and 2005 [4] , respectively.
Here, we performed a comparative genomic analysis of the WRKY III gene family in four representative plant species. We reconstructed the phylogenetic tree of this gene family, documented their chromosomal distribution and structural characteristics, explored their conserved microsynteny and gene duplication, assessed the influence of strong purifying selection, and determined expression profiles of Populus WRKY III genes in a variety of organs/tissues, and in response to biotic and abiotic stress. Our analysis provided valuable information about WRKY III genes that will aid future functional and ecological studies of this important gene family in flowering plants, especially in Populus.
Results

Chromosomal distribution and physical properties of WRKY III family in four species genomes
Fifty-seven genes were identified as members of the WRKY III gene family, 13 genes in Arabidopsis, 6 genes in grape, 28 genes in rice and 10 genes in Populus. Based on these findings, the physical location of individual of WRKY III genes on the chromosomes were determined. The results showed that the 57 WRKY III genes were not evenly distributed on all chromosomes of the four species, as shown in Fig. 1 . The genome maps of the WRKY III genes indicated that OsWRKYIIIs and AtWRKYIIIs were dispersed across all chromosomes, while VvWRKYIIIs were distributed on five out of 19 chromosomes (chr 2, 8, 13, 15 and 16), and PtrWRKYIIIs were mainly found on nine out of 19 chromosomes (chr 1, 2, 3, 6, 12, 13, 14, 16 and 19) . Chromosome 5 contains the most OsWRKYIII genes (7), followed by OsChr1(5) and AtChr1 (4) . By constrast, the VvWRKYIIIs and PtrWRKYIIIs were distributed discretely in each chromosome. Among the 57 genes, OsWRKY90 encodes the longest protein (633 amino acids (aa)), while the shortest (210 aa) was encoded by OsWRKY55. The average length of the proteins encoded by the WRKY proteins was 340 aa. The theoretical pI values of the three proteins (PtrWRKY55, AtWRKY41, AtWRKY55) were above 7, indicating that they were alkaline, whereas the proteins encoded by the other WRKY III genes were acidic (<7). Furthermore, the molecular weights of these proteins ranged from 26.4 kDa to 157.6 kDa, with an average of 57.0 kDa. The detailed parameters were shown in Table 1 . Although the distribution of these WRKY III genes were diverse, their genetic features and biochemical properties apparently tended toward identify.
Phylogenetic analysis of WRKY III genes in rice, grape, Arabidopsis and Populus
To investigate the similarity and evolutionary ancestry of the WRKY III genes in rice, grape, Arabidopsis and Populus, we constructed an unrooted phylogenetic tree of the 57 WRKY III protein sequences. The phylogenetic tree was constructed using MEGA 6.0 by employing the Neighbor-Joining (NJ) and Maximum Parsimony (MP) methods, respectively. The tree topologies produced by the two algorithms were largely comparable with only minor modifications at interior branches (data not shown). Therefore, only the NJ phylogenetic tree was subject to further analysis in our study, and the results were completely consistent with previously studies [7] . Bootstrapping tests were performed on these trees. The generated trees were compared and the tree best supported by those methods was used to account for the observations. As indicated in Fig. 2 , the WRKY III Table S1 proteins were divided into four clades by the phylogenetic tree. Clade 2 has the fewest WRKY III gene members (7), while clade 4 contains the most members (21), followed by clade 1 (15) and clade 3 (14) . Each of the four species contributed at least one WRKY III gene to clade 3 and clade 4, while the members of the clade 1 and clade 2 included two or three species, for example, clade 1 consisted of rice and Arabidopsis, this distribution may correspond to some special events (the split of monocots and dicots) in the evolutionary process. Based on the phylogenetic analysis, two pairs of orthologous genes were identified among the WRKY III genes: PtrWRKY54 and VvWRKY42, and PtrWRKY30 and VvWRKY52. Most genes in the WRKY III gene family are represented by paralogous pairs.
Gene structure and conserved motifs of WRKY III genes
It is well known that gene structural diversity drives the evolution of multigene families. To better understand the structural diversity of WRKY III genes, we generated exon/intron organization maps from the coding sequences of each WRKY III gene. The details structural analysis of the exon/intron were presented in Fig. 3 . The 57 WRKY III genes contain different numbers of exons, ranging from 2 to 6. Furthermore, eight WRKY genes were found to possess two exons, thirty-six members had three exons and five had four exons; four genes had five exons and four had six exons. This data indicated that both exon loss and gain has occurred during the evolution of the WRKY III gene family, which may explain the functional diversity of closely related WRKY III genes. We further analyzed the exon/intron structure of the WRKY III orthologous and paralogous gene pairs that clustered together at the terminal branch of the phylogenetic tree to obtain some traceable information about these genes. Among these genes, the exon number of six pairs had changed, including AtWRKY62/-38, PtrWRKY54/VvWRKY42, AtWRKY41/-53, OsWRKY94/-68, OsWRKY80/-31, OsWRKY90/-87 (Fig. 3) . By comparing the six pairs, we found that AtWRKY62, AtWRKY53 and OsWRKY31 lost one exon during the long evolutionary period, while VvWRKY42, OsWRKY94 and OsWRKY87 gained one exon. These differences may have been derived from single intron loss or gain events during the long evolutionary period. In addition to the WRKY exon/intron structure, other conserved motifs could be important to the diversified functions of WRKY proteins from rice, grape, Arabidopsis and Populus [21] . Therefore, we used the MEME web server to search the conserved motifs which were shared with the 57 WRKY proteins. A total of 20 distinct conserved motifs were found, and the conserved amino acid sequences and length of each motif are shown in Additional file 1: Table S1 . Each of the putative motifs obtained from MEME was annotated by searching Pfam and SMART. Motif 1, motif 2 motif 4, motif 9 ane motif 12 were found to encode the WRKY DNA-binding domain, while the other motifs have not function annotation. As illustrated in Fig. 4 , most WRKY members within the same clade, particularly the most closely related members, generally shared common motif compositions (e.g. PtrWRKY27 and VvWRKY52), suggesting function similarities among WRKY proteins. Motif 2 is the most common motif, found in all fifty-seven WRKY III genes. Motif 9 was unique to the proteins in clade2 and other unique motifs (e.g. motif 17, motif 18 and motif 19) were found in clade 3; these motifs might be important to the functions of unique WRKY III protein. Motif 7 was mainly present in clade 3 except OsWRKY64 and VvWRKY42, which existed in clade 1 and 2, respectively. To some extent, these specific motifs may contribute to the functional divergence of WRKY genes. The detailed information is shown in Additional file 1: Table S1 . To predict the function of the different WRKY III genes, we searched the Gene Ontology (GO) Darabase [22] , which provides a varity of functions for the 57 WRKY III protein sequences. This analysis predicted that all WRKY III genes contain some common functions, such as, sequence-specific DNA binding transcription factor activity, molecular function, regulation of transcription, biological process (Additional file 2: Table S2 ).
Conserved microsynteny of WRKY III genes from poplar, grape, Arabidopsis and rice Microsynteny has been investigated across several plant species using whole-genome sequences to infer the location of homologous genes (orthology or paralogy) [23, 24] . To identify paralogous and orthologous relationships within the WRKY III genes, we performed microsynteny analysis of three dicotyledons (Populus, grape and Arabidopsis) and one monocotyledon (rice) to clarify the relationship of the WRKY genes between eudicots and monocots. The WRKY III genes of the four species were used as anchor genes to analyze the molecular history of the regions in which they resided. Through pairwise comparisons of flanking genes in the chromosomal regions containing WRKY III genes, there were three or more pairs among this area, which were considered conserved microsynteny (Fig. 5) .
Firstly, we analyzed the relationship of the WRKY III genes within each intraspecies, and identified 27 collinear gene pairs in the rice genome, a total of 8 collinear gene pairs in Populus genome, while only 3 and 2 collinear gene pairs in Arabidopsis and grape genome, respectively (Fig. 6 , Additional file 3: Table S3a-d), which might have resulted from ancient processes during the course of evolution. In addition, 20 WRKY genes were not present in any microsynteny, for example, PtrWRKY-30 and 54, suggesting that there were independent duplication events except to the whole-genome duplication event.
Subsequently, the corresponding interspecies microsynteny was also analyzed. Eighteen WRKY III genes were not detected in the interspecies microsynteny analysis, including VvWRKY52, five AtWRKYIIIs, and twelve OsWRKYIIIs. The map revealed 39 conserved syntenic segments distributed across different clades based on the phylogenetic tree analysis. A total of 15 orthologous gene pairs between Populus and grape were found, and 12 orthologous gene pairs between Populus and Arabidopsis, while we identified only one orthologous gene pair between Populus and rice ( Fig. 7 , Additional file 3: Table S3e -f), probably due to the closer relationship between Populus and grape/Arabidopsis versus Populus and rice. Insterestingly, some collinear gene pairs identified between Populus and grape/Arabidopsis were not identified between Populus and rice, such as PtrWRKY54/VvWRKY42, PtrWRKY63/AtWRKY46, which indicated that these orthologous pairs formed after rice diverged from the common ancestor of Populus and grape/ Arabidopsis. Additionally, we observed a series of severalfor-one microsyntenies between Populus and grape/Arabidopsis WRKY genes, while only PtrWRKY30 and AtWRKY30 exhibited one-for-one microsynteny and had no detected linkage with other WRKY genes, guessed these genes may have played a vital role in the expansion of the WRKY III gene family during evolution. For example, PtrWRKY62/VvWRKY27, PtrWRKY62/VvWRKY42, PtrWR KY89/VvWRKY27, PtrWRKY89/VvWRKY42, PtrWRKY54/ AtWRKY54, PtrWRKY54/ VvWRKY42.
To estimate the extent of conserved gene content and order, the quality of the synteny was calculated [25] . The average synteny quality of the WRKY III genes from the three dicotyledons and one monocotyledon genomes was 25.85 %. The highest syntenic quality values were obtained between Populus and grape (42.19 %) . Lower syntenic quality values were obtained between rice and Populus (14.29 %) and grape (17.78 %). The average synteny quality in the Arabidopsis/Populus and Arabidopsis/ rice syntenic regions was 25.83 and 24.56 %, respectively, which was substantially lower than the 30.43 % observed in the Arabidopsis/grape synteny blocks. Details of this comparative analysis are shown in Table 2 .
Gene duplication of WRKY III genes
The WRKY III gene family may have undergone many processes, including gene duplication resulting from large-scale duplication events (whole-genome or segmental duplication), or tandem duplication. Gene duplication has always been seen as an important source of, and contributor to, biological evolution. To better understand how WRKY III genes evolved, we investigated gene duplication events of the WRKY III family in Populus, grape, Arabidopsis and rice.
First, we analyzed the adjacent genes to determine whether tandem duplication has taken place. Paralogs were deemed to be tandem duplicated genes if two genes were separated by five or fewer genes in a 100-kb region on a chromosome. According to this, we observed that two places contain tandemly clustered genes: one tandem duplicated gene pair (AtWRKY54 and −90, within an approximately 13.689-kb region) occurring in chromosome 1 of Arabidopsis, and the other tandem duplication gene pair (OsWRKY48 and −54, within an approximately 20.112-kb region) in chromosome 5 of rice, and no pair was found to have been generated by tandem duplication in poplar and grape, suggesting that tandem duplication may have made little or no contribution to the expansion of the WRKY III gene family in these four species. Thus, we speculated that large-scale duplication events may have played an important role in the evolution of the WRKY III family genes in Populus, grape, Arabidopsis and rice.
To investigate this possibility, we analyzed the gene similarity in the WRKY III flanking regions. If five or more protein-coding gene pairs flanking the anchor point were ligatured with the best non-self match (Evalue <1e-10), we considered these gene pairs to be conserved and defined these two regions as derived from a large-scale duplication event.
Consequently, significant collinearity may exist in the WRKY III regions. In poplar, we identified five conserved genes flanking three pairs, PtrWRKY41/-64, PtrWRKY41/-63 and PtrWRKY90/-55. Five other pairs of WRKY genes (PtrWRKY63/-53, PtrWRKY64/-53, PtrWRKY64/-63, Ptr WRKY62/-89 and PtrWRKY41/-53) contained more than five pairs of conserved flanking genes. Therefore, these gene pairs are thought to have been created by large-scale duplication. In grape, genes flanking both pairs (VvWRKY6/-48 and VvWRKY41/-27) were found to be conserved. In Arabidopsis, the relationships between three duplicated gene pairs were judged, AtWRKY41/-53, AtWRKY55/-70 and Table S1 were found to have been involved in large-scale duplication.
Strong purifying selection for WRKY III genes in Populus
The results showed in the previous section suggested that almost the entire WRKY III gene family of Populus was expanded by large-scale gene duplication. To better understand the evolutionary constraints acting on this gene family, we calculated the Ka/Ks ratios for eight unambiguous pairs of WRKY III paralogs in the network of duplicated regions of Populus. Generally, a Ka/Ks < 1 indicates the functional constraint with negative or purifying selection of the genes, a Ka/Ks ratio of 1 means that the genes are drifting neutrally, and Ka/Ks > 1 indicates accelerated evolution with positive selection.
Assuming that synonymous silent substitutions per site (Ks) occur at a constant rate over time, we can use the conserved flanking protein-coding genes to estimate the dates of the large-scale duplication events; the pairwise Ka/Ks ratios were also calculated for the duplicated non-WRKY III genes (flanking genes) between the duplicated regions containing WRKYIIIs in Populus. We discarded any Ks values >2.0 because of the risk of saturation [26, 23] . All the Ka/Ks ratios from the eight poplar WRKY paralogous pairs were less than 0.4 (Table 3) . Based on this analysis, we concluded that the WRKY III gene family had mainly been subjected to strong purifying selection and that the WRKY III genes are slowly evolving at the protein level. Interestingly, all the Ka/Ks values for the 82 pairs of duplicated non- WRKY III genes were lower than 1 (Fig. 8) , clearly indicating that these genes are evolving under purifying selection.
The approximate date of the duplication event was calculated using the mean Ks and an estimated divergence rate of 9.1 × 10 −9 synonymous mutations per synonymous site per year, as previously proposed for Populus. The eight duplication blocks were estimated to have occurred between 14.48 to 70.34 Mya (Table 3) . We concluded that the large-scale duplication events involving Populus WRKYIIIs all occurred within the last 14.48-70.34million years.
During positive selection, a few individual codon sites could be masked by overall strong purifying selection; therefore, we performed a sliding-window analysis of Ka/Ks ratios between each pair of WRKY III paralogs, which were derived from gene duplication events in Populus (Fig. 9 ). As predicted from the basic Ka/Ks analysis, the sliding window analysis clearly showed that numerous sites/regions are under neutral to strong negative or purifying selection. Using this analysis, the majority of Ka/Ks ratios across coding regions were far below one, but one or a few distinct peaks (Ka/Ks >1) were shown in Fig. 9 . Consistent with functional constraints being dominant in these domains, the domains of more than half of WRKYIIIs generally had lower Ka/ Ks ratios than the regions outside of them (peaks). Moreover, the conserved domains of WRKYIIIs stronger purifying selections, with Ka/Ks ratios < 1. One exception (PtrWRKY62 and −89) revealed sites with higher Ka/Ks ratios (Ka/Ks ratios >1) in their domains, indicating positive selection in this region, and implying these two genes experienced somewhat different selective pressure, which reveals the domains showing a higher evolutionary rate that is otherwise hidden in the average value of the Ka/Ks ratio. In addition, positive selection contributes to a higher Ka/Ks ratio, yet it does not guarantee that the gene-average Ka/Ks ratio is over one. Combining Ka/Ks ratios and a sliding-window analysis, we provided evidence suggesting that negative or purifying selection might have played an important role in the evolution of the WRKY III gene family in Populus.
Expression patterns of Populus WRKY III genes in various tissues
To gain an insight into the potential functions of Populus WRKY III genes during development, we used qRT-PCR to determine the expression patterns of 10 PtrWRKY genes in six organs/tissues (roots, young leaves, mature leaves, stems, xylem and phloem). The 10 Populus WRKY genes showed significantly different tissue-specific expression patterns in the different tissues (Fig. 10a) . Among the 10 Populus WRKY genes, two showed the highest transcript accumulation in the roots (PtrWRKY41 and −53), two in young leaves (PtrWRKY62 and −64), one in the phloem (PtrWRKY89) and five in the xylem (PtrWRKY30, −54, −55, −63 and −90). Most of the paralogous pairs had similar expression patterns; for example PtrWRKY41/-53 and PtrWRKY55/-90, which are highly expressed in roots and xylem, respectively, with little or no expression in other tissues. Nevertheless, some of the paralogous pairs showed different expression patterns; for example, PtrWRKY64 is expressed at a high level in young leaves, while its paralog, PtrWRKY63, is highly expressed in the xylem.
Expression profiles of Populus WRKY III genes in response to different stress treatments
Environmental stress can affect a plant's health and growth, and influence the regulation of important genes. Under adverse conditions, many stress-related genes are induced to help plants deal with stress. Therefore, it is necessary to identify the master regulators of stress responses in Populus, as well as their regulatory pathways. To explore the stress responses involving the Populus WRKY III genes, we used qRT-PCR to analyze their expressions in response to different treatments. The results of SA treatment showed a wide variety of PtrWRKYIII gene expression profiles (Fig. 10b) . A total of 9 genes were up-regulated by SA treatment, PtrWRKY90 was obviously down-regulated at all time points. Among these genes, the highest expression levels of PtrWRKY54, −30 and −53 occurred 9 h after treatment: PtrWRKY54 and −30 were strongly up-regulated (by more than 28-fold and 36-fold, respectively). The expressions of six genes (PtrWRKY89, −62, −64, −63, −41 and −55) peaked at the last time point (24 h); PtrWRKY41 and −55 were upregulated by more than 11-fold and PtrWRKY62 showed the greatest upregulation (by more than 42-fold. In addition, a few paralogous pairs shared similar expression profiles. For instance, PtrWRKY64 and −63 showed were both up-regulated at 3 h, with their highest levels at 24 h, in response to SA treatment. PtrWRKY89 and −62 had the same trend after 3 h, with high expression at 24 h. Different expression patterns between two paralogous genes were also observed. For example, the highest expression level of PtrWRKY41was observed at 24 h after SA treatment (by more than 10-fold), while that of PtrWRKY53 was up-regulated by 1.5-fold at 9 h. We investigated the expression patterns of Populus WRKY III genes under drought stress: the leaves were sprayed with 25 % PEG and ABA solution, respectively, to imitate drought treatment. Significant expression level changes were observed for 10 PtrWRKYIIIs under the two treatments, of which 8 were up-regulated by PEG treatment, 9 were up-regulated by ABA treatment, however, PtrWRKY90 was down-regulated at different timepoints following the two treatments (Fig. 11) . It suggested that more 80 % of the PtrWRKYIIIs analyzed were drought responsive. Examination of the number of PtrWRKYIIIs with significant expression level changed at different time-points of treatment showed that the expression of 6, 1 and 1 PtrWRKYIIIs were changed after PEG treatment for 24, 3 and 1 h, respectively, and the expression of 6 and 3 PtrWRKYIIIs were changed after ABA treatment for 9 and 3 h, respectively (Fig. 11) . It suggested that the majority of PtrWRKYIIIs have altered expression levels at the time-point of 1 h and 9 h under PEG and ABA treatment. Under PEG and ABA trements, only PtrWRKY90 was down-regulated at all time points, which indicated that these genes may play different roles in the response to different drought stresses.
Discussion
The WRKY transcription factor gene family is involved in the regulation of a variety of processes. In the present study, the complex features and functions of this group of proteins have been studied in the model herbaceous plant Arabidopsis, in rice, in the woody plant poplar and in grape.
There are anatomical and physiological differences between the four species, which might be reflected in the diversity of WRKY III genes' structure and conserved motifs. Exon-intron structural diversification plays an important role in the evolution of many gene families, and exon-intron gain or loss may be caused by the rearrangement and fusions of different chromosome fragments. We identified that the 57 WRKY III genes contain different numbers of exons, indicating that there is some diversity in these four species. For example, the WRKY gene VvWRKY48 has five exons, while other genes in the same phylogenetic clade (clade 3) have three exons. Nevertheless, the characteristics of exon/intron structure and motif composition were relatively conserved in recent paralogs: most closely related genes within the same clade shared similar gene structures, either in their intron numbers or exon lengths. The Fig. 9 Sliding window plots of representative duplicated WRKY III genes in Populus. As shown in the key, the gray blocks indicate the positions of the WRKY domain. The window size was 150 bp, and the step size was 9 bp MEME server identified the different conserved protein motifs that are present in each of the WRKY proteins. Some closely related members shared similar structures, implying functional similarities for these WRKY proteins. The specific sequence motifs present in each clade may impart specific functions to the WRKY proteins. The similarities in gene structure and motif composition of most WRKY proteins consistented with phylogenetic analysis of the WRKY III gene family. The differences in these characteristics among the different clades suggested that the WRKY members were functionally diversified.
To explore how the WRKY III gene family evolved, we performed a genome-wide comparison of plant WRKY members from monocots (rice) and eudicots (Populus, grape and Arabidopsis). Considerable phylogenetic analysis of WRKY proteins has been conducted in poplar, grape, rice and Arabidopsis, respectively. To obtain an overall picture of the 57 WRKY III proteins and their relationships with each other, a phylogenetic tree of WRKY III proteins was constructed, which divided the 57 WRKY members into four clades. The plant WRKY III members from eudicots (Arabidopsis, grape and poplar) appear to be more closely related to each other than to WRKY III genes of the monocots (rice). The presence of four distinct clades of WRKY III genes and the presence of both monocots and eudicots members in all four clades indicated that WRKY III genes diversified before the monocot-eudicot split (Fig. 2) . In addition, these clades include 19 pairs of homologous genes (17 pairs of paralogous genes and two pairs of orthologous genes), two of the orthologous genes pairs from dicotyledons (poplar and grape), which was consistent with the fact that both poplar and grape are eurosid I members and therefore more closely related than Arabidopsis, which belong is a eurosid II member. However, seven pairs were genetically linked to each other on their corresponding chromosomal locations, which indicated that there were very few tandem duplications among the WRKY III genes. According to the criterion for tandem duplication, two pairs of orthologous genes were deemed to be tandem duplicated genes, which indicated that tandem duplication has made little contribution to the expansion of the WRKY III gene family.
Gene duplication is a major evolutionary mechanism for generating novel genes, which helps organisms adapt to different environments. Tandem and large-scale duplications (whole-genome or segmental duplication) are well-known patterns of gene duplication in plants [23] . In our analysis, we found that a high proportion of WRKY III genes are distributed in duplicated blocks, suggesting that large-scale duplication contributed significantly to the expansion of the WRKY III gene family.
During evolution, eukaryotic genomes have retained genes on corresponding chromosomes (synteny) and in corresponding orders (collinearity) to various degrees. Synteny broadly refers to parallels in gene arrangement in dissimilar genomes. Microsynteny has been previously described among many monocot and eudicot species [27] . In our study, according to the microsynteny analysis, no microsynteny relationships among VvWRKY52, AtWRKY-30, 38, 63, 64, 66 and 67, OsWRKY-77, 32, 55, 68, 5, 84, 49, 89, 69, 90 and 18 with other WRKY III members in these three dicot (Populus, grape and Arabidopsis, respectively) and one monocot (rice) genomes were observed, indicating that either these genes are ancient genes without detectable linkage to other WRKY III genes or that they were formed through complete transposition and loss of their primogenitors. In the four WRKY III clades, genes from poplar, grape, Arabidopsis and rice exhibited high levels of microsynteny, which indicated that the WRKY III genes existed before the divergence of the four genomes (poplar, grape, Arabidopsis and rice). Several previous studies have shown that WRKY III domain genes have been duplicated independently after the divergence of monocots and dicots (160 Mya) [2, 28, 19] . Ling et al. [9] reported that in cucumber (Cucumis sativus) CsWRKY family, a divergence generated in the number of group-III WRKY genes resulted from different types of duplication events that occurred after the divergence of the eurosids groups I and II (110 Mya) [9] . In the current study, a large amount of microsynteny was detected in the three dicotyledons (poplar, grape and Arabidopsis), and little or no microsynteny between monocotyledon (rice) and the three dicotyledons, which was consistent with the evolutionary relationships between monocot and eudicot species. The low (25.85 %) synteny quality of WRKY III genes from monocotyledon (rice) and three dicotyledons (poplar, grape and Arabidopsis) may have been due to the fact that these plants are not closely related; moreover, the gene density differed between rice and the three other eudicot species. Significantly, the number of synteny blocks (27) within the rice genome is much higher than the number of synteny blocks of the three other eudicot species genomes, which suggested that rice WRKY III genes may have undergone large-scale duplication events and less subsequent rearrangement ( Fig. 6 and Additional file 3: Table S3 ). In three eudicot species, the number of synteny blocks (8) within the Populus genome is much more than that (2 or 3) between grape or Arabidopsis genomes, which may reflect the fact that Populus WRKY III genes have undergone large-scale duplication events. Thus, our results indicated that one important factor in the expansion of WRKY III genes was the occurrence of large-scale duplication events.
The nature of internal microsynteny in the four species provided further evidence that a large-scale duplication predated speciation. Assuming genome duplication preceded speciation, the microsynteny map should exhibit paired microsynteny blocks, each corresponding to the offspring of the ancient duplication event and each exhibiting comparable levels of microsynteny between the four species. In addition, if a single large-scale duplication event generated the homologous segments, they should all have been created at the same time.
Populus, as a large and long-lived woody plant, had a different life history compared with Arabidopsis, grape and rice, and is likely to be more complex with respect to development and gene regulation networks. WRKY genes were found to be expressed in many tissues and seem to be involved in regulating plant developmental and physiological processes. There was considerable evidence that WRKY genes play crucial roles in the responses to abiotic and biotic stress-induced defense signaling pathways [29] . From an applied perspective, the identification of WRKY III genes with potential value in different tissues and in the stress resistance of Populus might be followed by targeting such genes to improve abiotic and biotic stress responses.
The qRT-PCR expression profiles generated in this study (Figs. 10 and 11) revealed WRKY III protein genes have a broad expression pattern across different tissues and/or organs in poplar and different expression patterns for each PtrWRKY gene under specific treatments. This data provided a useful resource for future gene expression and functional analyses. Among the 10 poplar genes, half of them (PtrWRKY30, −55, −63, −90, −54) exhibited high expression levels in the xylem, suggesting their importance during xylem formation. Three genes (PtrWRKY64, −41, −53) were preferentially expressed in young leaves and roots, which could indicate that these genes play significant roles in leaf and root expansion. This conclusion is very important for future research on drought resistance of poplar. Some of the paralogous gene pairs showed similar expression patterns (PtrWRKY41/-53 and PtrWRKY55/-90), suggesting that these genes have not diverged substantially after duplication, and have retained redundant functions in regulating tissue development.
In plants, many stress-related genes are induced in response to adverse conditions. For instance, expression of GsWRKY20 in Arabidopsis enhances drought tolerance and regulates ABA signaling [30] . Overexpression of WRKY25 or WRKY33 was sufficient to increase Arabidopsis NaCl tolerance and increase sensitivity to ABA [14] . In Populus, 10 WRKY genes, belonging to group III were induced by varieties of stresses, such as cold, salinity, SA and drought, but no further analysis was performed [6] . Therefore, in this work, we performed qRT-PCR of PtrWRKYIII genes with SA treatment and drought (ABA /PEG) treatment to detect whether these genes are related to defense against disease and drought. The qRT-PCR results showed that most of the genes were up-regulated by the three treatments, with the exception of PtrWRKY90. The result was a little different from those found in poplar by Hongsheng He et al. This difference may be explained by the following: first, the growth conditions were different. The materials we sampled were using six-week-old seedlings and growing in tissue culture vessels under aseptic conditions, while the other plants were used six-month-old seedlings which grown in a greenhouse. Second, the leaves we used were young leaves, while the other experiments all sampled mature leaves, ect. The same gene showed different expression patterns under different stresses; e.g., PtrWRKY89 was strongly induced by ABA and PEG treatment, with expression increased by more than 18-fold and 104-fold, respectively; however, the relative expression was only 1.5-fold higher under SA treatment. This result was consistent with the previous performed studies [6] . Interestingly, PtrWRKY89 was reported to play a regulatory role in the SA signaling pathway to increase poplar's defense [7] . This gene was suggested to be involved in both disease and drought resistance. Thus, the drought resistance function of PtrWRKY89 requires further research. Grape WRKY27 were significantly induced by drought and SA treatments, suggestting that VvWRKY27 play a role in mediating plant defense response [31] . WRKY transcription factors have been identified as key components in the ABA signaling pathways [32, 33] ; in grape, VvWRKY27 may participate in an ABA-dependent signal pathway [34] . Base on the microsyteny analysis, we auspiciously found there exsited highly conserved microsynteny relationship between VvWRKY27 and PtrWRKY89/-62. And combined with phylogenetic analysis, we speculated poplar WRKY III members might have the similar biological function with VvWRKY27 in defense to virious responses. Some genes have a variety of functions, for example, PtrWRKY30 accumulated the highest level transcripts approaching 35-fold, 58-fold and 51-fold, by SA, PEG and ABA treatment, respectively.
Duplicated genes face three outcomes: nonfunctionalization (one copy becomes silenced); neofunctionalization (one copy acquires a novel, beneficial function, while the other copy retains the original function) or sub-functionalization (both copies become partially compromised by the accumulation of mutations) [35, 36, 21] . Paralogs originating from duplication within one organism may have more divergent functions. In Arabidopsis, AtWRKY41 and AtWRKY53 are paralogoues but have different expression patters, AtWRKY53 was more sensitive to SA treatment than papalogue AtWRKY41 [37] . In our study, we noticed that PtrWRKY41 and PtrWRKY53 and different expression trajectories by the SA treatment, PtrWRKY41 was more sensitive than papalogue PtrWRKY53, which was consistent with the previous study. Throughout evolution, the plants diversified and acquired new genes that may have important roles in plant development. Several pairs of paralogs have different expression patterns, suggesting that they play diverse roles in Populus development. For example, PtrWRKY55/ PtrWRKY90 are mainly expressed in the xylem and phloem. Upon SA treatment, PtrWRKY55 was highly expressed at 24 h, while its paralogs gene PtrWRKY90 was down-regulated at all time points. Several pairs of paralogs showed similar expression, which suggests that they may share a common or similar function. For example, PtrWRKY63/PtrWRKY64 expression peaked at 24 h, 1 h, and 9 h in response to SA, PEG, and ABA, respectively, indicating that the responses of paralogs to stress conditions did not undergo much divergence during the evolution of each gene after duplication and that the duplicated genes may have redundant functions in response to drought stress and upon treatment with signaling substances such as salicylic acid (SA).
Conclusions
In the current study, these 57 members of the WRKY III were analyzed, a comprehensive analysis including their chromosomal location, phylogeny, gene structure, conversed motifs, conserved microsynteny and gene duplication, and the expression profiling of 10 WRKY III genes in poplar was performed. These WRKY III genes were clustered into four clades based on phylogenetic analysis. In each clade, the characteristics of exon/intron structure and motif compositions were relatively conserved. Although the genomes sequence of the four species has been reported, the comprehensive analysis of WRKY III genes and funtional studies on poplar genes are still lag behind. Comparisons among the WRKY III genes across the four species genomic sequences demonstrated extensive synteny plus the existence and timing of one or more large-scale genome duplications in the evolution. Our results indicated that the vast majority of WRKY III gene of Populus was expanded by large-scale gene duplication. These genes had mainly been subjected to strong purifying selection and slowly evolved at the protein level. Furthermore, the expression pattern of PtrWRKYIII gene identified that these genes play important roles in the xylem during poplar growth and development, and may play crucial role in defense to drought stress. Here, we speculate that PtrWRKY proteins play fundamental roles in various plant developmental processes. The systematic analysis of the WRKY III family genes and the preliminary results presented here may aid in the selection of appropriate candidate genes for further characterization of their biological functions in poplar.
Methods
Database searches for highly conserved WRKY III genes
The WRKY III genes of four species (Populus trichocarpa, Arabidopsis, rice and grape) were downloaded from the latest version of the Phytozome database (v9.1). Fifty-seven WRKY III genes (13 AtWRKYs, 6 VvWRKYs, 28 OsWRKYs and 10 PtrWRKYs) were identified. The accession numbers of published WRKY III genes from Populus, Arabidopsis, rice, and grape are listed in Table 1 . WRKY III gene information, including the number of amino acids, ORF lengths and chromosome locations, was obtained from the Phytozome database. Physical parameters of the WRKY III proteins, including molecular mass (kDa), and isoelectric point (pI) were calculated using the compute pI/Mw tool in ExPASy (http:// www.expasy.org/tools/), with parameters (resolution) set to 'average' [38] .
Chromosomal location
Genes were mapped onto each chromosome based on publicly available information about the chromosome locations provided in the Phytozome database (http:// www.phytozome.net). Chromosomal location images of WRKYIII genes were subsequently generated using the MapInspect software (http://www.plantbreeding.wur.nl/ uk/software_mapinspect.html).
Phylogenetic analysis of Group III WRKY family
Multiple sequence alignments of the full-length protein sequences from Populus, Arabidopsis, rice and grape were performed using MEGA6.0 [39] with default parameters. A phylogenetic tree based on the alignment was constructed using MEGA6.0 and the NeighborJoining (NJ) method [40] , and the Maximum Parsimony (MP) method [41] was also used to create a phylogenetic tree and to validate the results from the N-J method. Bootstrap analysis was performed using 1000 replicates in the pairwise gap deletion mode, which allows divergent domains to contribute to the topology of the NJ tree [42] .
Exon-intron structure and conserved motif analysis
The exon and intron structures of individual WRKY III genes were determined using the Gene Structure Display Server (GSDS; http://gsds.cbi.pku.edu.cn/) via alignment of the CDS with their corresponding genomic DNA sequences [43] .
Conserved proteins motifs were analyzed Online MEME (Multiple Expectation Maximization for Motif Elicitation) [44] . The parameters were as followings: number of repetitions-any, with maximum number of motifs = 20, and the optimum motif width was constrained to between 6 and 200 residues. In addition, structural motif annotation was performed using the Pfam (http://pfam.sanger.ac.uk/search) and SMART (http://smart.embl-heidelberg.de/) tools. The WRKY III genes function annotation were achieved using the Gene Ontology (GO; www.geneontology.org).
Microsynteny analysis and gene expansion patterns
Microsynteny analysis across the four species was performed based on comparisons of the specific regions containing WRKY III genes. Similarly, the WRKY genes of Populus, grape, Arabidopsis and rice were grouped according to their classification in the phylogenetic tree. MicroSyn was used to detect microsynteny [45] . Before starting the microsynteny analysis, three files were generated: the gene list file, the CDS file and the gene identifier file. The microsynteny diagram was achieved by loading these files. A syntenic block was defined as a region where three or more conserved homologs were located within 15 genes upstream and downstream between genomes. The relative syntenic quality in a region was calculated from the sum of the total number of genes in both conserved gene regions, excluding retroelements and transposons, and collapsing tandem duplications [25] .
To better understand how WRKY III genes evolved, i.e., whether they arose from a large-scale duplication event (duplicated blocks derived from whole-genome or segmental duplication) or tandem duplication, we examined the physical locations of all WRKY III genes. To categorize the expansion of the WRKY III genes, tandem duplication was determined if two genes were separated by five or fewer genes in a 100-kb region on a chromosome [46] . Two regions were considered to have originated from a large-scale duplication event when five or more protein-coding gene pairs flanking the anchor point were ligatured with the best non-self match (E-value < 1e-10) [47, 36] .
Ks analysis of homologous segments
The duplicated gene pairs within each duplicated block or divergence of homologous segments were used to calculate the number of synonymous substitutions per synonymous site (Ks) and the Ka/Ks ratio, which is the ratio of the number of nonsynonymous substitutions per non-synonymous site (Ka) to Ks. Protein sequences of the gene pairs were first aligned using Clustal X2.0, then the multiple sequence alignments of proteins and the corresponding cDNA sequences were converted to codon alignments using PAL2NAL (http://www.bork. embl.de/pal2nal/) [48] . Finally, the resulting codon alignment was used to calculate Ks and Ka using the CODEML program of PAML [49] . A sliding window analysis of nonsynonymous substitutions per nonsynonymous site Ka/Ks ratios was conducted with the following parameters: window size, 150 bp; step size, 9 bp [24] .
When dating large-scale duplication events, Ks can be used as the proxy for time. For each pair of duplicated regions, the mean Ks of the flanking conserved genes were calculated, and these values were then translated into divergence time in millions of years, assuming a rate of 9.1 × 10 −9 substitutions per site per year. The divergence time (T) was calculated as T = Ks / (2 × 9.1 × 10
million years ago (Mya) [21] .
Plant materials, growth conditions, and stress treatments
Asexually reproduced six-week-old Populus deltoides cv. 'Nanlin95' seedlings that were grown in a tissue culture laboratory under long day conditions (14-h light from 08:00 to 22:00) at 25-27°C were used to assay gene expression levels in all experiments. Rooted seedlings of about 10 cm in height were selected for stress treatments. For the stress treatments, young leaves were sprayed with either 25 % polyethylene glycerol-6000 (PEG) or 100 μM abscisic acid (ABA) or 100 μM salicylic acid (SA) solution and sampled at five time points (1, 3, 6, 9, 12 , and 24 h) after treatment. Untreated seedlings were used as controls. After all of the materials were collected, the samples were immediately frozen in liquid nitrogen and stored at −80°C until RNA extraction. Three biological and three technical replicates were employed per sample.
RNA extraction and quantitative real-time reverse transcription PCR (qRT-PCR) analysis
Total RNA samples were extracted from leaves and stem tips using the Trizol reagent. Total RNA samples were extracted from root, xylem and phloem using an optimized, modified Cetyl trimethylammonium bromide procedure. The first-strand cDNA was synthesized using a PrimeScript™ RT Reagent Kit (TaKaRa) according to the manufacturer's instructions. Gene-specific primers were designed and checked for specificity using Primer Premier 5.0 (Additional file 4: Table S4 ) and the NCBI primer Blast tool, respectively. In this study, the poplar housekeeping ubiquitin gene (UBQ, gene ID: Potri.001G418500) was used as reference for normalization because of its stable expression pattern [50] . qRT-PCR was performed in a 20 μl volume, which contained 10 μl of 2× SYBR® Premix Ex Taq™ (TaKaRa, Japan), 0.4 μl of 50× ROX Reference Dye, 2 μl diluted cDNA template, 0.8 μl of each specific primer, and 6 μl ddH 2 O. The qPCR reaction conditions as follows: 95°C for 30 s, followed by 40 thermal cycles of denaturation at 95°C for 5 s, annealing at 55-60°C for 34 s. For each sample, we conducted three biological and three technical replicates. The relative expression level for each gene was calculated as 2 -ΔΔCT [ΔC T = C T, Target -C T, CYP2 . ΔΔCT = ΔC T, treatment -ΔC T, CK (0 h) ] [51] compared to that of the untreated control plant which was set as 1 [52] . Statistical analyses were conducted using GraphPad software [53] .
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Response to reviewer 1
The study is well done, in particular, there is a thorough phylogenetic analysis (nj is a nice standard method, and phylogenetic trees were checked by bootstrapping). Of course the authors could use more demanding methods such as parsimony or maximum likelihood for these trees, but probably the results will not change substantially ->recommendation: explore this somewhat (alternative calculation by parsimony or ML) and tell the reader the outcome.
Response: The reviewer raised a professional and valuable suggestion. Since the NJ tree was extensively used to examine the phylogenetic relationships in the current gene family analysis, and in many reported studies, phylogenetic relationship analyses were initially constructed with neighbor-joining (NJ) method in this study, and the results were completely consistent with previously studies ). According to the reviewer's suggestion, and we also constructed a phylogenetic tree from alignments of the full-length sequences of Arabidopsis, rice, grape and Populus WRKY III proteins using maximum parsimony method. The phylogenetic analysis based on Maximum Parsimony (MP) tree was largely consistent with the phylogenetic relationship of the NJ tree.
Furthermore, conserved motifs (MEME server), gene expression and microsyntheny were examined including reporting of all new experimental data and determination of orthologues and paralogues. WRKY III genes in rice, grape, Arabidopsis and Populus, were analyzed including their exon-intron structures as well as Ka/Ks analysis and identifying selection pressures on different domains. In addition, the gene expression was compared for different drought stresses (ABA, PEG) and differental expression changes between WRKY III genes determined (eg. PtrWRKY62, −54, −64, −63, −30 and −41 were all strongly triggered 9 h after ABA expression).
->well done and technical sound data provided also in sufficient detail to allow replication of the findings.
->you should give also a table with functional domain (eg SMART tool) and motif analysis (PROSITE) to get a little bit more insight into the function of the different WRKY III genes (any info on cellular compartment, pathway involvement, differences in molecular function?), the listing of motifs regarding MEME is there not so informative as including specific functional motifs.
Response: The reviewer raised a good and professional suggestion. According to the reviewer's suggestion, we have searched the specific functional motifs and added the function domain to Additional file 1: Table S1 . To the function of the different WRKY III genes, we searched the Gene Ontology (GO) Darabase, which provides a varity of functions annotation for the 57 WRKY III protein sequences. The detailed information is show in Additional file 2: Table S2 , and corresponding contents were added on the Page 6. Discussion Previous work on 10 WRKY III genes in Populus trichocarpa is discussed and the new findings regarding SA and in particular ABA and PEG as draught stressor made clear.
->make sure that you give a little bit more overview on previous work on WRKY III genes (not only on this species) so that the reader better understands which functions are in stock for the WRKY III genes investigated.
Response: This is a very good suggestion. Following the reviewer's suggestion, we have gave more overview on previous work on WRKY III genes, and compared with our work, described on the Page 15-16 of the "Discussion".
Quality of written English: Acceptable
Response to reviewer 2
A general problem with this work is that many results are reported for which no relevant information is deduced. Often, results are described in detail that we can just see in figures. The manuscript should be trimmed down to describe only results to which the authors can attach biological relevance.
Response: This is a very good suggestion. We have trimmed the manuscript down to describe results in the revised manuscript.
See for example the first section in results in page 4. Unless these results are used to say something, all the values presented are irrelevant and should not be detailed in the text. Please simplify to a small paragraph with main observations. Same thing with the next section in page 4 . We see what is said there in the figure.
Only salient points of figures should be commented in the text if they are used to support a relevant deduction.
Response: According to the reviewer's suggestion, we have simplify the first section "Chromosomal distribution and physical properties of WRKY III family in four species genomes" and the second section "Phylogenetic analysis of WRKY III genes in rice, grape, Arabidopsis and Populus" to a small paragraph with main observation in results on Page 4-5.
Similarly, in page 6 the whole paragraph starting with "To explore the evolution of the genetic relationship within each species, we first analyzed the relationship of the WRKY III genes within each intraspecies. The detailed information is listed in Table S3 (a-d)." should be simplified to a couple of sentences. The current text describe things that we can just see and that don't need explanation.
Response: Following the reviewer's suggestion, we have simplified the whole paragraph to a couple of sentences in the revised manuscript (Page 6-7). Per your valuable suggestions, we have tried every effort to modify the discussion more rigorously by careful correction.
Many paragraphs in the results section start with sentences like "To gain further insights into the evolution… ", "To further obtain exon gain/loss information…", "To better understand the similarity and diversity of motif compositions…", which are weak motivations, specially when the following text does not bring the insight or understanding promised and only reports data. For example, at the end of one of these "Motif 9 was unique to the proteins in clade 2 and other unique motifs were found in clade 3." Yes, we can see this, but why is this important? What do we learn from this?
Response: Many thanks for this comment. We realized that our description about the results section start with sentences might not be suitable. And we have changed as followed:
1) "To gain further insights into the evolution… " to "It is well known that gene structural diversity drives the evolution of multigene families. To better understand the structural diversity of WRKY III genes, we generated exon/intron organization maps from the coding sequences of each WRKY III gene. The details structural analysis of the exon/intron were presented in Fig. 3 . The 57 WRKY III genes contain different numbers of exons, ranging from 2 to 6." 2) "To further obtain exon gain/loss information…" to "We further analyzed the exon/intron structure of the WRKY III orthologous and paralogous gene pairs that clustered together at the terminal branch of the phylogenetic tree to obtain some traceable information about these genes." 3) "To better understand the similarity and diversity of motif compositions…" to "In addition to the WRKY exon/intron structure, other conserved motifs could be important to the diversified functions of WRKY proteins from rice, grape, Arabidopsis and Populus. Therefore, we used the MEME web server to search the conserved motifs which were shared with the 57 WRKY proteins. A total of 20 distinct conserved motifs were found, and the conserved amino acid sequences and length of each motif are shown in Additional file 1: Table S1 ." 4) "Motif 9 was unique to the proteins in clade2 and other unique motifs were found in clade 3." to "As illustrated in Fig. 4 Table S1 .
Some explanations summarizing results lack content: page 8 "the majority of WRKY III genes are randomly scattered in the genomes" (can the authors support this?); page 10 "As predicted from the basic Ka/Ks analysis, the sliding window analysis clearly showed that numerous sites/regions are under neutral to strong negative or purifying selection." (what else could be observed?); page 10 "some difference was observed among these genes"; page 11 "most of the genes had a different response to the two treatments (Fig. 11a, b) . However, some genes showed similar responses to the two treatments…" (following text to the end of the paragraph non-informative); "Taken together, the similarities in gene structures and motif compositions of most WRKY proteins lend support to the phylogenetic analysis." (what did the authors expect?); the expression pattern of PtrWRKYIII gene was identified to be possibly involved in xylem formation and drought/disease response" (this is not a very concrete conclusion).
Response: We sincerely thankful for the careful review from the reviewer. And we made the detailed answer as followed:
1) page 8 "the majority of WRKY III genes are randomly scattered in the genomes" (can the authors support this?);
The sentence might be arbitrary and has been removed in the revised manuscript.
2) "As predicted from the basic Ka/Ks analysis, the sliding window analysis clearly showed that numerous sites/regions are under neutral to strong negative or purifying selection." (what else could be observed?);
Following the reviewer's suggestion, we added more observation on Page 9 (Line 28-30).
3) page 10 "some difference was observed among these genes"; page 11 "most of the genes had a different response to the two treatments (Fig. 11a, b) . However, some genes showed similar responses to the two treatments…" (following text to the end of the paragraph non-informative); page 10: We haved changed the sentence "some difference was observed among these genes" into "The results of SA treatment showed a wide variety of PtrWRKYIII gene expression profiles (Fig. 10b) ." page 11: We haved changed the "most of the genes had a different response to the two treatments (Fig. 11a, b) . However, some genes showed similar responses to the two treatments…" into "Significant expression level changes were observed for 10 PtrWRKYIIIs under the two treatments, of which 8 were up-regulated by PEG treatment, 9 were upregulated by ABA treatment, however, PtrWRKY90 was down-regulated at different time-points following the two treatments (Fig. 11) . It suggested that more 80 % of the PtrWRKYIIIs analyzed were drought responsive. Examination of the number of PtrWRKYIIIs with significant expression level changed at different time-points of treatment showed that the expression of 6, 1 and 1 PtrWRKYIIIs were changed after PEG treatment for 1, 3 and 24 h, respectively, and the expression of 6 and 3 PtrWRKYIIIs were changed after ABA treatment for 9 and 3 h, respectively (Fig. 11) . It suggested that the majority of PtrWRKYIIIs have altered expression levels at the time-point of 1 h and 9 h under PEG and ABA treatments. Under PEG and ABA trement, only PtrWRKY90 was down-regulated at all time points, which indicating that these genes may play different roles in the response to different drought stresses." The sentence might be confusing and has been changed into "The similarities in gene structure and motif composition of most WRKY proteins consistented with phylogenetic analysis of the WRKY III gene family."
5) "the expression pattern of PtrWRKYIII gene was identified to be possibly involved in xylem formation and drought/disease response" (this is not a very concrete conclusion).
Following the reviewer's suggestion, we have changed this conclusion into "the expression pattern of PtrWRKYIII gene identified that these genes play important roles in the xylem during poplar growth and development, and may play crucial role in defense to drought stress." * Detailed comments. "WRKY III genes, which are the most advanced and successful in terms of evolution and adaptability". This is unfunded. Please remove.
Response: Many thanks for this comment. The reviewer raised a professional and valuable suggestion. We have removed this sentence in the revised manuscript.
The second paragraph in the introduction starting with "The WRKY III family has been studied phylogenetically…" repeats the first one. They should be merged.
Response: We believe that the reviewer's suggestions are reasonable, and we have merged it with the first one in the revised manuscript.
The sentence starting with "In most comparative genomic analyses, three representative lineages of flowering plant species are incorporated…" until the end of the paragraph is disconnected and would fit better in the next paragraph.
Response: Many thanks for this comment. We accepted this question sincerely, and we have modified this part and merged it with the next paragraph in the revised manuscript.
Regarding the motif analysis in page 5, it would be nice to see the correspondence to the zn-finger domains in the figure. If all these proteins belong to the same family, how it is possible that they don't share a common motif?
Response: Following the reviewer's suggestion, we have added the zn-finger domains in the Fig. 4 . As shown in Fig. 4 , all these proteins share a common motif 2. Other motifs were not shared by all protein, there were two factors contributing to these phenomenons, one reason is these WRKY III gene sequences were obtained from different references, which existed different standard about definition; the another is the WRKY III domain exited variation. Such as, WRKY domain contains the highly conserved amino acid sequence WRKYGQK, but these seven amino acid sequences were not consistent. Some amino acid members (W, Q and K) can mutant and the Q site has high mutation frequence. In some WRKY genes, the WRKY domain can be characterized as WRRK, WSKY, WKRY, WVKY, or WKKY. (Xie Z et al. 2008) In page 7: "Subsequently, to gain insight into the microsynteny relationship of WRKY III genes within interspecies, the 57 WRKY III genes were classified into four distinct clades". This was already used and explained before in page 4. Please, merge there. In any case, the subsequent detailed explanation can be just seen in the figure and is not needed.
Response: According to the reviewer's suggestion, we have merged there with before, and deleted subsequent detailed explanation on the Page 7.
In my opinion, all conclusions extracted from Response: Many thanks for this comment. We have added the conclusion beyond this and explained why this relevant is on Page 10 in the revised manuscript.
One exception (PtrWRKY62 and −89) revealed sites with higher Ka/Ks ratios (Ka/Ks ratios >1) in their domains, indicating positive selection in this region, and implying these two genes experienced somewhat different selective pressure, which reveals the domains showing a higher evolutionary rate that is otherwise hidden in the average value of the Ka/Ks ratio. In addition, positive selection contributes to a higher Ka/Ks ratio, yet it does not guarantee that the gene-average Ka/Ks ratio is over one. Combining Ka/Ks ratios and a slidingwindow analysis, we provided evidence suggesting that negative or purifying selection might have played an important role in the evolution of the WRKY III gene family in Populus.
"the highest expression level of PtrWRKY41 was observed at 24 h after SA treatment, while that of PtrWRKY53 was observed at 9 h." I think a much more relevant difference here is that one gene is 10xfold upregulated while the other is only 1.2xfold up-regulated.
Response: We accepted this question sincerely, and we have re-written it on Page 11 (Line 10-11).
"suggested that orthologous genes may have originated from a common ancestor." I don't see the connection to the previous sentence. And anyway, orthologs by definition originate from a common ancestor. I don't understand the next sentence "For two of the orthologous genes pairs from poplar and grape, this difference may reflect the fact…" Which difference?
Response: Many thanks for this comment. We really say sorry to the reviewer for our careless, and we have deleted the sentence on Page 12 "suggested that orthologous genes may have originated from a common ancestor". "For two of the orthologous genes pairs from poplar and grape, this difference may reflect the fact…", this sentence might exist ambiguity, so we have re-written it on Page 12 (Line [26] [27] [28] [29] .
"In the four WRKY III clades, genes from poplar, grape, Arabidopsis and rice exhibited high levels of microsynteny, which indicated that the WRKY III genes existed before the divergence of the four genomes (poplar, grape, Arabidopsis and rice)." High levels respect to what? And, is not the tree already showing that the genes existed before divergence of those species?
Response: Many thanks for this comment. We feel so sorry to the reviewer for our lack of clarity. "High levels" respect to "these genes evolved from a duplication event more recently". The tree already showing that the genes existed before divergence of those species. But a less definite inference between monocots and eudicots using microsynteny was reasonable and possibly due to the far divergence of monocots and eudicots. WRKY III gene family whose evolutionary relationship cannot be inferred based on the traditional phylogenetic tree analysis. The microsynteny can be used to validate or correct the evolutionary relationships in poorly supported nodes in traditional phylogenetic trees.
In page 14: "a large amount of microsynteny was detected among poplar, grape and Arabidopsis, and little or no microsynteny between rice and poplar, grape and Arabidopsis". This is repeated. Also a bit later "Populus and grape belong to eurosid I, and the number of WRKY III genes is small; Arabidopsis is a eurosid II species, being more distantly related to the other two species [27] ." As well as the following sentences until line 15.
Response: Many thanks for this comment. We believe that the reviewer's suggestions are reasonable, and we have re-written this part on Page 13-14 in the revised manuscript.
"In Populus, 10 WRKY genes, belonging to group III were induced by varieties of stresses, such as cold, salinity, SA and drought, but no further analysis was performed [6] ." How do those results compare to the results presented here?
Response: According to the reviewer's suggestion, we have compared those results to the results presented here on Page 15 (Line 11-16, Line 19) in this revised manuscript.
"Paralogs originating from duplication within one organism may have more divergent functions." First of all, paralogs are by definition originating by duplication in one organism. Secondly, more divergent functions than what?
Response: We believe that the reviewer's suggestions are reasonable. We have explained more clearly on Page 16 in this revised manuscript.
Figures 9, 10 and 11. Since the y-axis scale is different in each graph, it would help to have horizontal discontinuous lines marking the 1.0 value.
Response: This is a very good suggestion. We have added horizontal discontinuous lines marking the 1.0 value in the Fig. 10 and 11 . But Fig. 9 is different from 10 and 11, which reflect that numerous sites/regions are under neutral to strong negative or purifying selection, only two gene pairs were more than the 1.0 value, so we cannot mark the 1.0 value as a standard.
In Fig. 10 it would be nice to have the same gene order in panels a and b.
Response: We agree with the reviewer and have changed the order of these pairs gene in Fig. 10 .
* Minor points "Each WRKY domain contains a C-terminal located novel zinc finger". Novel?
Response: Many thanks for this comment. In the revised manuscript, we have changed "Each WRKY domain contains a C-terminal located novel zinc finger" into "Each WRKY domain contains a zinc finger motif at the C-terminus".
"Temporal expression analysis of group III members in A. thaliana supported the view that these members
